I. INTRODUCTION
Fouling is a significant hurdle in the use of membranes, such as ultrafiltration or microfiltration membranes, for water purification. Foulants, such as particulates, colloids, organic matter, or macromolecules, accumulate on the membrane surface or within its pores, leading to an increase in the overall mass transfer resistance of the membrane.
1, 2 A variety of techniques are used to mitigate the effects of fouling, including feed water pretreatment, membrane cleaning (chemical and/or mechanical), adjustment of operating conditions, or membrane modification. 2 Reliable laboratory methods of testing membrane susceptibility to fouling and the effectiveness of various fouling mitigation strategies are, therefore, of critical importance.
Membrane fouling behavior is commonly characterized in crossflow experiments, where a feed solution passes tangentially along the membrane surface and permeate flow through the membrane is perpendicular to the feed flow. 3 Crossflow filtration may be performed in one of two operational modes: constant transmembrane pressure (TMP) or constant permeate flux. In a constant TMP experiment, the transmembrane pressure is fixed, often by applying a steady feed pressure and leaving the permeate open to the atmosphere. As the membrane fouls, membrane mass transfer resistance increases and permeate flux decreases. This flux a) Author to whom correspondence should be addressed. Electronic mail:
freeman@che.utexas.edu. Tel.: +1-512-232-2803. decrease, the metric by which fouling is measured, causes changes in the hydrodynamic environment and the concentration of solutes at the membrane surface. 4, 5 Such variable conditions can complicate comparisons of different membranes or modeling of fouling phenomena. 5 The convective flow of solutes towards the membrane surface can be better controlled by imposing a constant permeate flux and monitoring the transmembrane pressure change required to maintain a steady permeation rate. 4, 6 Constant flux experiments, therefore, eliminate the variable hydrodynamics inherent in constant TMP experiments. 5 Despite this advantage of constant flux studies, they are less commonly reported in the literature than constant TMP experiments, likely due to the added complexity and more challenging operation of laboratory constant flux crossflow systems relative to their constant TMP analogs. Importantly, however, most industrial water purification processes using microfiltration and ultrafiltration membranes are operated at constant flux, 7, 8 as are many biochemical processes, 4 so laboratory evaluation of membrane fouling under constant flux conditions could be helpful to further understand fouling under conditions closer to those used in industry.
Constant flux crossflow systems are also useful in threshold and critical flux determination. The critical flux was defined by Field et al. as the maximum flux at which fouling is slight or negligible. 4 Recently, Field has restricted the definition of the critical flux to the maximum flux at which no change in transmembrane pressure is observed with time during fouling. 9 This narrowing of the critical flux definition has led to the concept of the threshold flux. In some instances, an absolutely invariant transmembrane pressure, as required by the critical flux definition, may never be realized. 10 However, very low rates of fouling may be acceptable, particularly in applications where regular cleaning cycles are performed. Below the threshold flux, the rate of fouling is low and constant, and above the threshold flux, the rate of fouling substantially increases. 9 A number of critical flux determination methods are described in the literature, 11 but the most common are flux stepping procedures where the transmembrane pressure is monitored over constant flux intervals. 12 The flux is increased from one interval to the next, and the critical flux is typically determined graphically by plotting the TMP over each interval as a function of flux. 12, 13 At fluxes below the critical flux, the TMP is independent of time and increases linearly with flux, but above the critical flux, the TMP rises rapidly and is time-dependent. 6 In cases where the transmembrane pressure increases slightly with time, such a stepping procedure may reveal the threshold flux. 9 A constant flux crossflow apparatus, therefore, facilitates straightforward determination of the membrane critical or threshold flux.
In this article, we describe in detail the design and operation of a laboratory scale crossflow system for evaluation of constant permeate flux membrane fouling behavior. In studies utilizing simpler system designs based on those found in the current literature, the permeate flow rate (which sets the permeate flux) stability was poor. To address this issue, we implemented a feedback control scheme to ensure that the permeate flux was rigorously maintained at a constant value. Automatic control of the permeate flowrate also facilitates critical/threshold flux determination by simply raising the permeate flux setpoint at desired intervals, allowing for rapid critical/threshold flux screening. This instrument is suitable for studies on nearly any microfiltration (MF) or ultrafiltration (UF) membrane with a variety of foulants. Pressure transducers and interchangeable pump heads may be substituted to enable measurements over a wide range of transmembrane pressures, fluxes, feed flow rates, and feed pressures.
II. MATERIALS AND METHODS

A. Principle of operation
Water permeation through a porous membrane is a pressure-driven process. The membrane mass transfer resistance (R) describes the relationship between the membrane flux (J) and the applied TMP:
When the membrane resistance increases, as when a membrane fouls during a constant flux experiment, the transmembrane pressure must increase to maintain constant flux. During a fouling experiment, where the membrane resistance may be continuously changing, this TMP increase can be achieved in two ways: (1) fix the permeate pressure and increase the feed pressure as required or (2) fix the feed pressure and allow the permeate pressure to decrease. In method (1), the flux is indirectly controlled by manipulating the feed pressure. In a system such as the one described here, equipped with three sample cells for replicate testing, method (1) requires three independent feed lines, pumps, flow meters, and pressure regulators. Method (2) , in contrast, is easily accomplished by directly regulating the permeate flow with a peristaltic pump on each permeate line. When the membrane mass transfer resistance is low, the permeate pump prevents unrestricted flow, and the permeate pressure is, consequently, very close to the feed pressure. As the membrane fouls and the mass transfer resistance increases, the permeate pressure decreases while the pump maintains the desired permeate flow rate and the TMP rises. To achieve rigorously constant flux, the permeate flow rate must be tracked continuously, often accomplished by measuring the permeate mass with an electronic balance. 4, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] However, to accurately calculate the flux, a number of mass readings must be taken over a sufficient time interval, meaning that there is always some lag in the flux measurement. Additionally, if the permeate is collected on a balance, it cannot be continuously recycled to the feed tank, and the feed concentration will, therefore, vary as the experiment progresses, since one typically recirculates feed past one or more membrane cells from a finite volume of feed solution. If the permeate cannot be recycled to the feed tank of the system, then the system cannot easily be operated in continuous, steady operation because the feed concentration of the foulant will rise during the experiment. With a peristaltic pump regulating the permeate flow rate, as in method (2) above, a flow meter may be used to precisely measure the permeate flow rate, and this measured flow rate may be used to control the permeate pump speed. This flow meter is installed on the downstream side of the peristaltic permeate pump, where its pressure drop is inconsequential to the transmembrane pressure measured on the upstream side of the pump.
B. System overview
A system diagram is shown in Fig. 1 . The system is designed to operate in total recycle mode (i.e., the permeate and retentate streams are recycled to the feed tank) to ensure that the concentration of the fouling solution remains unchanged throughout an experiment. Pure water and the desired foulant solution are stored in feed tanks and pumped into the membrane test cells. Three cells are used to test sample replicates. Permeate flow rates are very small compared to the feed flow rate, so the feed concentration is virtually identical for all three cells. Single-ended pressure transducers were used to monitor the pressure on both the feed and reject sides of the membrane cell train. Differential pressure transducers monitored the transmembrane pressure of each sample cell. The high-pressure ports of the differential pressure transducers were connected to the feed line at the inlet to each cell and the low-pressure ports were connected to the permeate line from each cell. The feed pressure was controlled with a backpressure regulator attached to the reject of the third cell. The pressure drop down the length of the membrane cell train was less than 0.07 bar (1 psi) at the flow rates used here. Valves were installed on each end of the train to prevent water from Table I. flowing into the cells while they were open for sample loading. The reject line was recycled to the feed tanks via a manifold. Permeate flow rates were regulated with a pump and flow meter on each of the three permeate lines. Permeate lines were also connected to the manifold for total recycle. The manifold permitted recycling to the pure water tank, recycling to the feed tank, or draining to a waste basin. A cartridge filter was installed on the recycle loop to remove residual foulant during system cleaning cycles and to maintain foulant-free feed water during pure water tests. A bypass was used to route fouling fluid around the filter during fouling experiments.
C. Construction details
Major components, including their suppliers and catalog numbers, are listed in Table I . Numerical identifiers in the following text correspond to those shown in Table I and Fig. 1 . Figure 2 is a photograph showing an overview of the system. The two covered feed tanks (1,2) were used to hold pure water and foulant feed solution. Bulkhead fittings were installed near the bottom and top of each tank to allow feed flow and recycle. Each tank was equipped with a heating coil made of 1 4 in. stainless steel tubing through which water flowed from an adjacent temperature controlled water bath (3). A threeway valve (4) was used to select the desired feed tank. Feed flowed directly into the feed pump (8) , which was used to control the feed flow rate. A gear pump was chosen due to its ability to maintain smooth, non-pulsatile flow in the desired feed pressure range. A variety of pump heads suitable for a wide range of flowrates are available; the pump head chosen was capable of producing a flow range of 58.5-5850 ml/min. Gears may be made of either poly(p-phenylene sulfide) (PPS) or polyether ether ketone (PEEK). The less expensive PPS gears deteriorated in early trials and left small, black particulates in the feed tanks. PEEK gears, though more expensive, have proven more reliable. The flow rate was monitored by an oval gear flowmeter (9) , which is tolerant of pressures up to 10.3 barg (150 psig). Fiber-reinforced flexible tubing, capable of withstanding high fluid pressures, was used to connect the feed pump to the feed flow meter.
The three membrane sample cells (12) (13) (14) were machined at The University of Texas at Austin based on cells previously obtained from Separation Systems Technology (San Diego, CA). A detailed diagram of the top and bottom halves of the membrane test cell is shown in Fig. 3 . The feed flows into an inlet port, through a 90
• bend, across the membrane surface in a rectangular flow path, through another 90
• bend, and out an exit port. The flow path is 1.250 in. wide × 3.250 in. long × 0.101 in. deep (31.75 mm × 82.55 mm long × 2.565 mm). The membrane sits above the flow path, with its active side facing down, and it is sealed with a rectangular rubber O-ring, making 1 in. × 3 in. (25 mm × 78 mm, 1940 mm 2 ) of membrane surface area available for filtration. A piece of highly porous polypropylene (average pore size: 125-175 μm) obtained from Interstate Specialty Products (Sutton, MA) provided mechanical reinforcement for the membrane and has a negligible resistance to permeate flow. The permeate fluid passed through a port on the top of the cell.
Feed (11) and reject (24) pressure transducers were 60 psig full scale (4.14 barg) single-ended models. Differential pressure transducers (15) (16) (17) were used to measure the transmembrane pressures. Fouling experiments were typically run until the transmembrane pressure difference was equal to the gauge feed pressure. UF and MF membranes were frequently run with feed pressures of 2.1 barg (30 psig), so 30 psi differential pressure transducers were selected. Other differential transducers were substituted if the feed pressure was changed. Accuracy of the PX409 series transducers is ±0.8% of full scale, so the use of transducers with the smallest usable full scale will give the most accurate results at low TMP values. stream from a reference gas (air was used in this case). The pressure of the reference gas is controlled by an electronic regulator (27) mounted at the BPR reference inlet. The BPR diaphragm position changes according to the pressure of the reference gas (28) , which consequently adjusts the feed pressure. The electronic gas regulator required 24 Vdc power and was controlled with a 0-10 Vdc analog input voltage.
The components of the membrane sample cell train were assembled, beginning with the feed needle valve (10) and working towards the reject backpressure regulator (26) . Figure 4 shows, in detail, the fittings connected to one of the membrane sample cells. Stainless steel 1 2 in. tubing and compression fittings were used to connect the components in the cell train. Single-ended pressure transducers (11, 24) were mounted vertically on the branch of a 1 2 in. tee. Differential pressure transducers (15) (16) (17) were mounted horizontally such that both ports were at the same level as the membrane samples inside the cells. High-pressure ports of the differential pressure transducers were connected to a 1 2 in. tee via a 90
• elbow. A 90
• elbow and compression-fit hose barb were attached to the low-pressure ports of the differential pressure transducers. Another compression-fit hose barb was attached to the branch of a 1 4 in. stainless steel tee mounted on the permeate outlet of each sample cell. A short length of 1 8 in. polypropylene tubing was used to connect the lowpressure port of each differential pressure transducer with the sample cell permeate outlet; this line will later be referred to as the "permeate pressure transfer line." Aluminum hose collars were used to eliminate pressure leaks at the hose barbs. The permeate flow passed vertically into the permeate line attached to the 1 4 in. tee with a hose barb. After passing through the BPR, the reject was near atmospheric pressure, so steel or fiber-reinforced tubing was not necessary. The reject line was flexible, clear 3/8 in. plastic tubing and was used to return reject fluid from the membrane train to the feed tanks. A manifold (33) was used to recombine the three permeate flows with the reject and recycle the fluid to the appropriate feed tank. Hose barbs of the appropriate sizes were used to attach the reject and permeate lines to the manifold. Three valves (34-36) were also installed on the manifold to permit recycle to the pure water tank (1), recycle to the foulant tank (2), or drainage to a waste basin (37).
Three permeate pumps (18) (19) (20) were of the peristaltic type. Many different heads are available for Cole Parmer drives, including the common Easy-Load R styles, which were tested extensively. However, the three or four rollers of these heads caused significant pulsation when operated at speeds low enough to produce the desired permeate flow rates. In- stead, cartridge-style heads were chosen because they are available with eight rollers to minimize pulsations at slow pump speeds. The cartridges have an occlusion adjustment knob which controls the volume of fluid pushed through the tubing with each roller pass. Loosening this adjustment increased fluid passage and the observed TMP; tightening it decreased fluid passage and the observed TMP. It is critical that the permeate pump effectively isolates the permeate side of the membrane from the atmospheric pressure of the permeate recycle to the feed tank and tightening the occlusion helped in this regard. However, a very tight occlusion causes premature tubing wear and, in some cases, can cause the tubing to become dislodged from the cartridge by the action of the rollers; greasing the rollers with a small amount of lubricant can help prevent these effects. In the adjustable range of 1 (tight) to 5 (loose), we found that a setting of 2 gave the best, most repeatable performance. Permeate line tubing was size 14 peristaltic pump tubing. Smaller tubing sizes (e.g., size 13) caused an appreciable pressure drop in the permeate line which affected the observed TMP. Larger tubing sizes (e.g., size 16) required that the pump run very slowly, resulting in highly pulsatile permeate flow. Tubing was replaced frequently to promote efficient pump operation and prevent the deterioration of the tubing. Pump speeds were controlled with 0-10 Vdc input analog voltages.
Cavitation is sometimes a concern with peristaltic pumps. The required net positive suction head (NPSH R ) describes the frictional losses that result in a decrease in fluid pressure at the pump entrance. For small pumps such as those employed in the present apparatus, the required net positive suction head is typically 0.14-0.28 bar. 21 The available net positive suction head (NPSH A ) is the difference between the pump inlet pressure (P inlet ) and the fluid vapor pressure (P * ):
As described in Secs. II A and II C, the permeate line pressure decreased during membrane fouling and experiments were typically stopped if the transmembrane pressure equaled the gauge feed pressure, meaning that the minimum permeate pressure was atmospheric pressure (1.00 bar). The vapor pressure of water at 25
• C is 0.03 bar, 22 so the minimum NPSH A was 0.97 bar. To avoid cavitation, the available net positive suction head should remain greater than the required net positive suction head:
In our case, the minimum NPSH A (0.97 bar) was greater than NPSH R (0.14-0.28 bar), so cavitation was not a problem for our permeate peristaltic pumps.
Flow rates on the permeate lines were monitored by three Coriolis-style flow meters (21) (22) (23) . Coriolis meters have high accuracy (even at very low flow rates), rapid response time, and they are not sensitive to the fluid being measured. Several other flow meter types were tested and found to be unsatisfactory. Variable area flow meters, though inexpensive, do not provide electronic reading of the flow rate. Differential pressure models, where the fluid is forced into laminar flow between thin metal plates over which the pressure drop is detected, provide electronic flow rate readings. However, they are most suitable for use with ultrapure water, as impurities (such as the soybean oil used in these studies) can foul the plates in the laminar flow element, causing inaccurate and irregular readings. Thermal flow meters are not sensitive to the fluid and will not foul, but they generally have slow response times, making them unsuitable for feedback control of a pump as in this apparatus. The permeate tubing was attached directly to the inlet of the flow meters using an appropriate hose barb. Another hose barb was fitted to the flow meter outlet and size 16 clear Tygon tubing was used to carry the permeate to the manifold (33) for recombination with the reject. Each flow meter was wired to a process meter (39, 41, 43) which provided 24 Vdc power and scaled the 0-10 Vdc analog output voltage from the flow meter to a flow rate.
D. System control
National Instruments (NI) data acquisition hardware and LabVIEW software were used to collect and record data and to control instruments. Two NI PCI data acquisition devices (49, 50) were installed in a desktop computer (51) running Windows XP. One of the PCI devices was capable of outputting 0-10 Vdc analog voltage signals (49); the other device was capable of reading 0-10 Vdc analog voltage inputs and counting voltage pulse inputs (50). The PCI devices were connected to three terminal blocks (46-48) using cables provided by NI. The five pressure transducers and three permeate flow meters were connected to process meters (38-45) which scaled their voltage signals to pressure readings or flow rates according to their calibration certificates provided by the manufacturer. Each of the transducers and flow meters required a 24 Vdc power supply, which was also provided by the process meters. These process meters were wired to the NI terminal blocks to pass the voltage signals to LabVIEW. Analog inputs were wired as differential inputs with the common wire referenced to ground for signal stability and consistency across all instruments. The Hall effect sensor of the feed flow meter (9) was powered with a 5 Vdc voltage available on the NI terminal blocks. The flow meter produced 5 Vdc voltage pulses as its gears turned; the feed flow was, therefore, measured by counting the frequency of voltage pulses. The feed flow meter was wired to a counter input on an NI terminal block (48) using a 1 k pull-up resistor between the 5 Vdc supply and the counter input. The three permeate pumps, feed pump, and BPR were controlled with 0-10 Vdc analog voltage signals from one of the NI PCI devices (46). Output voltages were all referenced to ground for signal stability.
A program was written in LabVIEW 2010 with three primary functions: convert input signals to physical values, control instruments with a feedback control algorithm, and write data to an Excel spreadsheet. Pressure transducer and permeate flow meter voltages scaled linearly with their measurements, so multiplicative factors were used to calculate the feed pressure, reject pressure, transmembrane pressures, and permeate flow rates. Because the pressure drop down the three membrane cell train was low, the feed pressure for all three cells was taken as the average of the pressures measured by the feed (11) and reject (24) transducers. The permeate flow rates were converted to fluxes by dividing the flow rate by the membrane surface area available for permeation (19.4 cm 2 ). The feed flow rate was calculated by multiplying the frequency of voltage pulses from the oval gear flow meter by a scaling factor.
Proportional-integral-derivative (PID) control was facilitated by installation of the LabVIEW PID and Fuzzy Logic Toolkit. This toolkit includes built-in controllers that may be used to output voltage signals to instruments wired to NI data acquisition devices. Each controlled instrument could be toggled between manual control and automatic control. When in manual control mode, the output voltage to the instrument was specified by the user. In automatic control, the PID controller compared a process variable to a setpoint, and then calculated a voltage output based on proportional, integral, and derivative gains. Process disturbances could, therefore, be easily corrected; the importance of such control will be illustrated later. The feed pump, each of the three permeate pumps, and the BPR were independently controlled using the feed flow rate, permeate flux, and average feed pressure measurements, respectively. Stable operation was achieved by careful selection of the gains. The derivative gain was usually set to zero, meaning that the system operated in proportionalintegral feedback control only. Typical gain values, which were empirically found to produce stable system operation, are shown in Table II . 
E. System operation
One feed tank (1) was filled with ultrapure water while the other (2) was filled with the desired foulant solution. Two fouling solutions were used in this study: a polystyrene latex bead suspension and a soybean oil emulsion. The latex suspension was prepared using 3.0 μm polystyrene beads obtained from Sigma Aldrich (St. Louis, MO). The concentration of beads was set to 200 mg/l to match conditions reported in an earlier study. 23 The polystyrene beads were first suspended in ∼40 ml ultrapure water and sonicated for several hours to deagglomerate any particles which might have been agglomerated in the concentrated suspension supplied by the manufacturer. Afterwards, this solution was diluted with ultrapure water to the final concentration (200 mg/l). KCl was added to achieve an ionic concentration of 10 −5 M and the pH was adjusted, if necessary, to 6.0 ± 0.5 using HCl or NaOH to inhibit agglomeration of the polystyrene particles during the fouling experiment. Following procedures from earlier studies, [24] [25] [26] [27] the soybean oil emulsion was prepared with soybean oil purchased from a local supermarket and DC193 silicone-based non-ionic surfactant from Dow Corning (Midland, MI). The oil and surfactant were combined in a 9:1 ratio at a total concentration of 1500 ppm in ultrapure water. Emulsification was accomplished in a blender operated at 20 000 rpm for 3 min. Fresh emulsion was prepared for each experiment. No stirring device was employed in the foulant feed tank, but the hold-up time (i.e., the volume of fluid in the feed tank divided by the feed flow rate) was less than 10 min at the feed flow rates used in this study.
Two different membranes were used. The first was a poly(vinylidene fluoride) (PVDF) microfiltration membrane (GVWP14250) from Millipore (Billerica, MA). This hydrophilized membrane had a nominal pore size of 0.22 μm. The second was a polysulfone ultrafiltration membrane (PS-20 UF) from Sepro (Oceanside, CA) with a nominal molecular weight cutoff of 20 kDa. Membrane samples typically require some pre-treatment to remove residual manufacturing chemicals and, in the case of microfiltration or ultrafiltration membranes, to fully wet the porous structure. Membranes described in this study were prepared by soaking in isopropyl alcohol for 24 h followed by storage in ultrapure water until use. Membranes were cut into 4.0 cm × 9.0 cm (1.6 in × 3.5 in) coupons and loaded, selective side down, in the three sample cells (12) (13) (14) . The three bolts used to secure the top of the sample cell were first finger-tightened only. Then, the feed (10) and reject (25) needle valves were opened and the permeate pressure transfer lines were disconnected at the compression fittings closest to each differential pressure transducer. The three bolts on each cell were then tightened with a crescent wrench. Without the relief afforded by opening the feed and reject valves and the permeate pressure transfer lines to the atmosphere, pressure capable of deforming the membrane samples can develop in the cells while tightening the bolts. After all bolts were fully tightened, the permeate pressure transfer lines were re-connected. After loading membranes, the temperature control bath was turned on and adjusted to the desired temperature set point (typically 25
• C). The fluid returning to the feed tank was within 1 • C of the feed tank temperature.
The system was started by operating all instruments manually. Pure water was selected as the feed by opening valve 5, closing valve 6, and positioning valve 4 such that foulant from tank 2 was directed towards valve 6. Valve 36 was opened, and valves 34 and 35 were closed so that the water would be recycled to the water feed tank (1). Valves 30 and 31 were opened and valve 29 was closed, directing the reject through the activated carbon cartridge filter (32) so that the recirculating water was continuously filtered. The feed pump (8) was started at a voltage low enough to produce a flow rate below the desired feed flow. The setpoint was matched to the actual feed flow rate, and the feed pump was switched to automatic control. Once stable operation was achieved under automatic control, the setpoint was increased to the desired feed flow and the PID controller automatically changed the pump voltage to match the feed flow setpoint. By starting each instrument in this fashion, the likelihood of unstable operation is minimized. Once the desired feed flow rate was achieved, the feed pressure setpoint was matched to the pressure produced by the feed pump. The BPR (26) was then switched to automatic control, and the feed pressure setpoint was adjusted to the desired feed pressure. The three permeate pumps (18) (19) (20) were started in a manner similar to the feed pump. First, a low voltage was manually applied to generate a permeate flux lower than that desired during the experiment. The setpoint was matched to the resultant flow rate, automatic control was switched on, and the setpoint was then adjusted to produce the desired flux. By this point, all instruments were operating under automatic control with a pure water feed that matched the desired experimental feed flow, feed pressure, and permeate flux conditions. By this time, the temperature control bath (and pure water and foulant solution contained in their respective tanks) was at its target value.
A fouling experiment was started by bypassing the cartridge filter, so that the foulant solution was not run through the filter, because this would alter the concentration of the foulant solution. The cartridge filter was bypassed by first opening the cartridge filter bypass valve (29) and then closing valves 30 and 31. The foulant solution was then introduced to the feed flow loop by first opening valve 6 and then closing valve 5 (in that order to avoid running the feed pump dry). The oil emulsion or latex suspension is visible as a moving front in the clear tubing; valve 35 was opened and valve 36 was closed so that the fouling solution was recycled to the foulant tank (2) immediately before this front reached the manifold (33) to avoid diluting the foulant in the tank. Fouling experiments could be run as an ordinary constant flux experiment, where the flux was maintained at the same rate for the entire experimental duration, or as a flux stepping experiment, where the flux was periodically increased. Flux stepping experiments, which are commonly used in the literature to determine a membrane's critical/threshold flux under a particular set of fouling conditions, were easily performed by increasing the permeate flux setpoints at desired time intervals.
System cleaning was initiated by closing recycle valves 35 and 36 and opening drain valves 7 and 34. The oil emulsions were only used for one experiment, so they were always drained from the system at the end of the experiment. Latex bead emulsions could be reused. Valve 5 was closed and valve 4 was adjusted so that water from the pure water tank (1) was directed towards valve 6 to remove residual foulant in the tubing near the tanks. The system was flushed with water from the water feed tank (1) using the feed pump (8); this water was drained through the manifold (33). After flushing and draining the system, valves 10 and 25 were closed, the membrane cells opened, the samples removed, the cells closed again, and valves 10 and 25 again opened. Valve 5 was opened and valve 6 was closed. The pure water tank (1) was refilled with ultrapure water, valve 29 was closed, valves 30 and 31 were opened to direct recirculating water into the activated carbon filter, valve 36 was opened to recycle to the water tank (1), and valve 34 was closed. The feed pump (8) was used to recirculate pure water through the system; the three permeate pumps (18) (19) (20) were also turned on to flush the permeate lines. The system was cleaned in this manner, with the cartridge filter removing any residual foulant, for at least 30 min. The importance of rigorously cleaning the system after each experiment cannot be overstated; without such cleaning, residual foulant may accumulate in the system and cause membrane fouling during the startup of the next experiment, leading to artificially high TMP values.
III. RESULTS AND DISCUSSION
A. Constant flux fouling tests
Constant flux fouling tests were performed using polysulfone ultrafiltration membranes and the 1500 ppm soybean oil emulsion as the foulant solution. The volumetric feed flow rate was 0.8 l/min, corresponding to a crossflow velocity of 0.18 m/s and a Reynolds number of 1000 inside the flow channel of the membrane cell, 26 where the channel was approximated as two parallel plates with large aspect ratios, and the channel height was used as the characteristic dimension to calculate the Reynolds number. 28 The feed pressure was 2.1 barg (30 psig). Fluxes of 40 and 85 Lm −2 h −1 were tested. Before fouling, membranes were operated with pure water for several minutes. The pure water TMP was used to calculate the permeance of the un-fouled membrane. Table III compares the pure water permeances at 40 and 85 Lm −2 h −1 with those specified by the manufacturer and measured independently in stirred dead end cells. Dead end measurements were performed in this study (taken as the average of 25 samples) as reported in Ref. 26 . Differences between the manufacturerreported permeance and the permeance measured via dead end filtration could be the result of membrane variability or differences in pretreatment protocol. It is unclear what protocol is used by the manufacturer to wet the porous structure prior to measuring the pure water permeance; incomplete wetting of the pores and, therefore, higher resistance to permeation could account for the slightly lower values obtained by the manufacturer. Values measured in the constant flux crossflow system fell between those specified by the manufacturer and those measured via dead end filtration, indicating acceptable performance relative to other measurement techniques. Figure 5 compares the fouling response of PS-20 UF membranes at 40 and 85 Lm −2 h −1 when exposed to the soybean oil-based emulsion. The data at each flux are from one of the three membrane samples that were tested simultaneously during each experiment; two different experiments were conducted, one at 40 Lm −2 h −1 and one at 85 Lm −2 h −1 , and fresh membrane samples were used for each test. The data from the other two samples measured simultaneously during each test were comparable to the data presented in this figure, and they are not presented for brevity. The membrane operated at 40 Lm −2 h −1 showed little rise in TMP, indicating modest fouling. In contrast, the TMP of the membrane operated at 85 Lm −2 h −1 rapidly increased, reaching a value equal to the feed pressure (2.1 barg) within a few minutes, indicating rapid fouling. Clearly, the membrane could not be operated at 85 Lm −2 h −1 for significant periods of time without catastrophic fouling. 
B. Critical/threshold flux determination by flux stepping
The dramatic difference in TMP evolution at 40 and 85 Lm −2 h −1 (as shown in Fig. 5 ) indicates that the rate of fouling is much greater at 85 Lm and stepped up by 10 Lm −2 h −1 every 10 min. Figure 6 (a) presents the change in TMP at each flux step. At low fluxes, the TMP slowly increased during each 10 min interval, indicating that the rate of fouling was low at those fluxes. As the flux was increased, the TMP began to increase more rapidly over each flux step. While these changes in the TMP were slow, they suggest that this flux stepping experiment revealed the threshold flux (not the critical flux). If no change in the TMP had been observed at low fluxes, this experiment would have revealed the critical flux.
The threshold flux value was determined as shown in Fig. 6(b) . The average TMP was calculated for each 10-min interval and was plotted against the flux. At low fluxes, the average TMP increased linearly with the flux. The threshold flux was identified as the flux at which the slope of the average TMP/flux relationship changed due to the increasingly rapid rise in TMP over each successive interval beyond the threshold flux. In this case, the threshold flux was 68 Lm −2 h −1 , which is consistent with the disparate fouling behavior observed at 40 Lm −2 h −1 and 85 Lm −2 h −1 (Fig. 5) . The effects of varying step length, step height, initial flux, and step method have been reported in Refs. 12, 13, and 29. We have increased the step length (e.g., 20 min) and started the flux stepping experiment at a lower initial flux (e.g., 10 Lm −2 h −1 ), and similar threshold flux values (e.g., 65 Lm −2 h −1 ) were obtained. The results of these experiments were not shown for the sake of brevity.
C. The importance of permeate flux feedback control
Many literature studies that describe constant flux experimental apparatuses do not mention continuous control (automatic or otherwise) of the permeate flow rate throughout the experiment. Often, in setups that utilize a pump to regulate the permeate flow, authors suggest running the pump at a constant speed to maintain the same flux throughout the experiment. 19, 30 Unfortunately, we have found that this approach may be insufficient to ensure rigorously constant permeate flux, especially with aggressive foulants or during experiments performed above the critical/threshold flux. In the apparatus described here, high-accuracy Coriolis-style flow meters were used to monitor the permeate flow rates in real time. The LabVIEW program compared the permeate flow to a desired setpoint and adjusted the permeate pump speed through a 0-10 Vdc input. To illustrate the importance of permeate flux feedback control, the voltage applied to the permeate pump (a proxy for pump speed) during automatic control is plotted as a function of time during oily water fouling of a PS-20 UF membrane at 85 Lm −2 h −1 (Fig. 7) . The feed pressure was 2.1 barg (30 psig) and the crossflow velocity was 0.18 m/s (feed flow rate: 0.8 l/min). The applied voltage increased from 1.25 V to 1.95 V over the course of the fouling experiment, during which the TMP increased as depicted in Fig. 5 . This voltage rise represents an increase of 56% in pump speed during fouling. If the flux were allowed to decrease during the experiment, the transmembrane pressure would evolve more slowly than it would if the flux were held constant at the target value. At low fluxes, particularly below the critical/threshold flux and in the case of relatively non-aggressive foulants, the fouling rate will be slow and such changes in pump speed may not be required. However, at moderate or high fluxes and with aggressive foulants (as is the case shown here), it was necessary to increase the pump speed to maintain rigorously constant flux operation, which is the intended operational goal of the present apparatus.
D. Comparison with another study
To validate system operation beyond pure water permeance measurements (Table III) , we replicated another constant flux fouling experiment reported in the literature. Kwon et al. performed a series of flux stepping experiments using commercial PVDF microfiltration membranes and a polystyrene latex bead suspension as a model foulant. 23 This report was chosen for comparison due to the detailed reporting of experimental parameters and the commercial availability of membranes and foulant; some other studies use foulants from natural sources (e.g., Dutch canal water) which were not readily available to us, 10, 12, 20, 31 making a quantitative and rigorous comparison of our results to those in the literature difficult. The polystyrene latex bead suspension was prepared as described in Sec. II E. The filtration apparatus used by Kwon et al. regulated membrane flux with a peristaltic pump on the permeate line, and the transmembrane pressure was measured using pressure transducers. Operational parameters were matched as closely as possible to the original study. The feed pressure was 0.20 barg (2.90 psig). Constant flux fouling steps were 50 min long during which the crossflow velocity was 0.2 m/s; after each fouling step, the crossflow velocity was increased to 0.5 m/s for 5 min during a zero-flux cleaning stage to remove particles that may have accumulated on the membrane surface during the prior fouling stage. Flux steps were 66, 99, 165, 230, and 273 Lm −2 h −1 . Figure 8 compares the reported results of Kwon et al. with results obtained using the system described in this study. Satisfactory agreement between the studies was obtained. Error bars were estimated as the standard deviation measured over the three replicate cells; transmembrane pressures measured in this study are largely statistically identical to those measured by Kwon et al. The minor deviations observed between our results and those of Kwon et al. could be the result of differing cell geometries in the two studies. While both cells had rectangular flow paths, the cell used by Kwon et al. was much narrower, relative to its length, than the cells used in the present apparatus. Although the crossflow velocity employed here was matched to that of Kwon's study, the differences in cell geometry could affect the hydrodynamic conditions at the membrane surface.
IV. CONCLUSIONS
The design and operation of a crossflow constant flux fouling apparatus was described. The permeate flux was monitored in real time by Coriolis type flow meters and was regulated by peristaltic pumps. Feedback control was implemented so that permeate pump speed was continuously adjusted, ensuring rigorously constant flux operation. Such control was critical in fouling studies with aggressive foulants, such as oily water. System measurement accuracy was validated by comparing the pure water permeance of a test membrane to values reported by the membrane manufacturer, reported elsewhere, and measured in dead end filtration. Fouling experiments were performed on polysulfone UF membranes with a soybean oil emulsion foulant and on PVDF MF membranes with a polystyrene latex bead suspension foulant. The threshold flux of a membrane/foulant pair was determined using a common flux stepping technique, which was facilitated by automatic control of the flux rate. Comparison of a flux stepping experiment with a literature report yielded agreement.
